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Abstract: 
 
  In order to cool electronic equipment with a high efficiency we can use the flow of a nanofluid in a micro-channel heat sink. 
The paper reports the results of the study of the laminar forced convective heat transfer flow in such geometries. The study is 
numerical and was achieved using the mixture water /γ-Al2O3 as nanofluid and a single-phase approach. The geometrical 
configuration used in the computations contains two inlet jets. Calculations were first made with constant thermo-physical 
properties and then made using temperature-dependent thermo-physical properties.  The volume fraction of nanoparticles in the 
nanofluid mixture was taken as 0% (i.e. water only),  1% and 4%.  A three-dimensional conjugate heat transfer model was used 
and numerical simulations were based on a finite volume method. The results of thermal and hydrodynamic fields  show that 
nanofluids can provoke an increase in the average and local Nusselt numbers, a decrease of  bottom surface local temperature and 
a slight decrease of the shear stress on the wall, when compared to predictions using constant properties and nanoparticles free 
water. The results are discussed for nanoparticle diameters of 38 nm and a range of Reynolds number from 200 to 1200. Also the 
heat flux through the bottom surface of the heat sink was varied in the range  ′′ ൌ ͵ͲȀଶ  to 120 W/cm2.  
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Euro-Mediterranean Institute for Sustainable Development (EUMISD). 
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 1. Introduction 
   Tuckerman and Pease [1] were the first to introduce the concept of a heat sink using micro-channels for the 
elimination of high heat loads. They used the water flowing in laminar flow in silicon micro- channels. Thereafter, 
the different aspects of fluid flow in micro-channels have been studied experimentally and numerically. In some of 
these studies, such as Hetsroni et al [2], Lee and Garimella [3], experiments were made to analyze the friction and 
heat in  microchannel  heat  sinks. In  other  studies, such  as those  by  Gamrat et al [4] and  Xie et al [5]  the  same  
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characteristics have been analyzed numerically. Other researchers have used various numerical methods to study the 
characteristics of conjugate heat transfer, such as Aswang and al. [6] who used the Lattice Boltzmann method. Heris 
et al  [7,8] studied experimentally the performance of water–CuO or water-Al2O3 nanofluids circulating in a 
concentric annular tube in a laminar flow regime. They have shown that the heat transfer coefficient increases with 
the volume concentration of the particles and the Peclet number. More recently, Fedorov and Viskanta [9] have 
developed a three-dimensional model to study heat transfer in conjugated micro-channel heat sinks. They noticed 
that the temperature of the channel wall along the mean direction of flow is nearly uniform, except in the area near 
the entrance to the channel, where a large temperature gradient was found.  
Recent studies include those of  Koo and Kleinstreuer [10] and Chon et al. [11] who proposed new models to predict 
the thermal conductivity of nanofluids taking into account the effect of temperature and particle size. A new 
correlation has been proposed in [12] to describe the thermal performance of water-Al2O3 nanofluids in the turbulent 
regime. Roy et al [13] conducted a numerical study of heat transfer to the water-Al2O3 nanofluid in a radial cooling 
system. In [14], forced laminar flow with convection of a nanofluid between two coaxial and parallel disks was 
considered taking into account the variation of nanofluid properties  with temperature. The results showed that 
significant differences in the results were obtained when using temperature-dependent thermo-physical properties in 
comparison with the use of constant properties. Bianco et al [15] used a single- and a  two-phase nanofluids model 
(discrete particles model) to study  heat transfer with either constant or temperature-dependent properties.  
The purpose of this study is the numerical prediction of the thermal and hydraulic characteristics (Nusselt number 
and shear stress) of a forced convection laminar flow through a rectangular micro-channel heat sink, using constant 
and temperature-dependent thermo-physical properties. The fluid used is constituted by Al2O3 particles dispersed in 
water with a volume concentration of 0% ( i.e pure water), 1% and 4%. The characteristics values are discussed as a 
function of the Reynolds number.  
 
Nomenclature 
Cp  specific heat at constant pressure (J/kg.K) 
Dh  hydraulic diameter of channel(nm) 
୮  nanoparticle diameter (μm) 
H   height of micro-channel heat sink (μm) 
D   height of micro-channel (μm) 
Ws half-thickness of wall separating micro-channels 
(μm) 
W  width of micro-channel heat sink unit cell (μm) 
L   length of micro-channel heat sink (μm) 
w  width of micro-channel heat  (μm) 
ݍ̶ heat flux (W/m2) 
k   thermal conductivity (W/m) 
ܰݑ Nusselt number 
Re Reynolds number  ௘ ൌ
ఘǤ௪೙೑Ǥ஽೓
ఓ೙೑
 
h   heat transfer coefficient (W/m2K) 
ሶ݉   mass flow rate (kg/s) 
P   pressure (pas) 
T  temperature (K) 
Tin fluid inlet temperature (K) 
u, v, w velocity component in the x, y, z direction 
respectively (m/s) 
x, y, z Cartesian coordinates 
 
 
Greek symbols 
μ  dynamic viscosity (Pa s) 
ρ   density (kg/m3) 
τw  shear stress (Pa) 
φ   volume fraction of nanoparticles 
 
Subscripts 
av  average 
f    fluid 
bf  base fluid 
nf  nanofluid 
p   particle 
s   solid 
Γ   interface between the solid and fluid 
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2. Mathematical modelling 
2.1. Geometry  and modeling  equations 
   Fig.1 shows the geometrical configuration of a micro-channel  heat sink. Each microchannel has a width of 
59.85μm, a length of 189 μm and a depth of 10000 μm. The heat sink is made of high heat conductive silicone. The 
electronic component mounted in the base of the heat sink releases heat at a constant flux q'' to the fluid passing 
through the micro-channels. The cold nanofluid  enters through the channels with uniform profiles  of velocity and 
temperature and then carries the heat dissipated by the electronic component, it then exits the micro-channels at a 
temperature higher than that at inlet. In this study  the domain was chosen by taking into account symmetry with 
respect to the Y axis. 
Also, we assumed that the the nanofluid behaves like a single-phase fluid. Due to the extremely small size of 
particles (≤ 40 nm), one can reasonably assume  that such a mixture behaves like a Newtonian fluid and that the 
interaction of movement between phases is negligible[16]. Furthermore, by assuming local thermal equilibrium, the 
mixture of solid and liquid particles can be considered to behave like a conventional single-phase fluid and its 
properties can therefore be evaluated from the properties of its two constituents. In this study, the nanofluid was 
assumed to have a uniform and stable composition  and to be incompressible,  with thermo-physical properties 
constant or temperature-dependent. Compression work and viscous dissipation are assumed to be negligible in the 
energy equation. Also, the flow was assumed laminar stationary with forced convection and was solved  in the 3D 
Cartesian coordinate system. With all the above assumptions, the equations can be given in vector form as follows: 
 
* Conservation of mass 
              ݀݅ݒሺߩǤ ܸሻ ൌ Ͳ                                                                                                                         (1) 
* Conservation of momentum 
              ݀݅ݒሺߩܸܸሻ ൌ െ݃ݎܽ݀ܲ ൅ ߤߘଶܸ                                                                                                 (2) 
     
 
 
 
Fig.1. The Geometry of nanofluid flow in Micro-channel heat sinks 
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* Conservation of energy 
             ݀݅ݒሺߩܸܥ݌ܶሻ ൌ ݀݅ݒሺ݇݃ݎܽ݀ܶሻ                                                                                                 (3) 
2.2.Boundary conditions   
   The system of equations (1) - (3) is a set of nonlinear partial differential equations the solution of which requires 
the use of an appropriate set of boundary conditions.  
-At the inlet of the micro-channels, uniform profiles of axial velocity and temperature were imposed.The flow 
toward z direction. 
           T0=293K°                                                                                                                                 (4) 
            ௜ܹ௡ ൌ
ோ೐Ǥఓ೙೑
஽೓
                                                                                                                            (5) 
-At the outlet of the micro-channel heat transfer and the flow are developed. 
-The thermal boundary conditions are assumed adiabatic on all exterior walls of the heat sink. A constant heat flux 
q'' was imposed at the basis of the heat sink. 
 
               ݍ′′ ൌ െ݇௦
డ ೞ்
డ௡
ȁ௬ୀିு ଶΤ                                                                                                                (6) 
    
-And on all the interfaces separating fluid from walls, the no-slip conditions were imposed. 
-The heat transfer equations  solved are those for  conduction through the solid and convection by the fluid. The two 
transfers are coupled by imposing the continuity of the temperature and heat flow at the interfaces between the fluid 
and the solid, the conditions are expressed by: 
 
               ௡ܶ௙ǡ௰ ൌ ௦ܶǡ௰                                                                                                                          (7) 
              ݇௡௙ ൌ
డ்೙೑
డ௡
ȁ௡௙ ൌ ݇௦
డ ೞ்
డ௡
ȁ௦                                                                                                         (8) 
2.3.The thermal and physical properties of the nanofluid    
   If we assume that the dispersion of the particles is uniform, then the nanofluid properties are computed from the 
properties of its two constituents. The effective thermal conductivity and effective dynamic viscosity of the 
nanofluid are assumed temperature- dependent properties. The indices used in the following formulas: p, bf and n 
correspond to particles, base fluid and nanofluid, respectively.                    
Properties of the nanofluid  water /γ-Al2O3 (φ =1 % and φ =4 %) : 
           ߩ௡௙ ൌ ሺͳ െ ߮ሻߩ௕௙ ൅ ߮ߩ௣                                                                                                            (9) 
           ܥ௉೙೑ ൌ ሺͳ െ ߮ሻܥ௉್೑ ൅ ߮ܥ௉೛)                                                                                                                       (10) 
Properties of the nanofluid  water-γAl2O3 (φ =1%): 
           ߤ௡௙ ൌ ʹǤͻ ൈ ͳͲି଻ כ ܶଶ െ ʹǤͲ ൈ ͳͲିସ כ ܶ ൅ ͵ǤͶ ൈ ͳͲିଶ                                                                  (11) 
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           ݇௡௙ ൌ ͲǤͲͲ͵͵ͷʹ כ ܶ െ ͲǤ͵͹Ͳͺ                                                                                               (12) 
Properties of the nanofluid  water /γ-Al2O3 (φ = 4%): 
            ߤ௡௙ ൌ ͵ǤͶ ൈ ͳͲି଻ כ ܶଶ െ ʹǤ͵ ൈ ͳͲିସ כ ܶ ൅ ͵Ǥͻ ൈ ͳͲିଶ                                                                   (13) 
         ݇௡௙ ൌ ͲǤͲͲͶͻ͸ͳ כ ܶ െ ͲǤͺͲ͹ͺ                                                                                                                 (14)   
   Due to the absence of experimental results the classic formulas  (9) and (10) are used to calculate the density and 
specific heat of a mixture of two phases [17]. Equations (11) and (13)  have been proposed by  Putra et al [18] to 
calculate the effective dynamic viscosity of the nanofluid as a function of temperature. They were obtained  from the 
available experimental data  for the mixture concerned and compared with the constant effective dynamic viscosity 
that was proposed earlier by Brinkman [19] and Batchelor [20]. Equations (12) and (14) for the effective thermal 
conductivity of the nanofluid based on temperature,  were obtained from the  experimental results by Putra et al [18] 
and compared with the constant effective thermal conductivity of well-known classical models such as those 
attributed  to  Maxwell [21] and Hamilton-Crosser [22]. Assuming spherical particles of  38 nm diameter, these 
authors have developed formulas for the prediction of  the effective thermal conductivity of a continuous medium in 
which the solid particles are dispersed. 
2.4. Characteristic parameters of the problem 
   This problem of forced convective flow can be characterized by a set of parameters which have an influence on 
heat transfer and flow inside the micro-channels,  namely the Reynolds numberܴ௘ ൌ
ߩǤݓ௜௡Ǥ ܦ௛ ߤ௡௙ൗ ,  the mass 
flow ሶ݉ ൌ ߩ௡௙Ǥ ݓ௜௡Ǥ ܦǤ ݓ , the length of the micro-channel heat sink (L), the height of the micro-channel (D), the 
height of micro-channel heat sink (H), the width  of the micro-channel (w), the width of micro-channel heat sink 
(W), half-thickness of wall separating micro-channels ሺୱሻ, and the hydraulic diameter ܦ௛, defined by:  
ܦ௛ ൌ
ʹǤ ܦǤ ݓ
ܦ ൅ ݓ
 
3.  Numerical Method 
   In this study, the equations are solved using the commercial code Fluent Version 6.3. This code uses the finite 
volume approach [23] to solve the equations  subject to the boundary conditions mentioned above. The mesh  used 
is non-uniform and was obtained by sweeping in the Z direction an X-Y surface meshed with QUAD / pave type 
cells.  The grid system used is such that the velocity components are calculated  at the interfaces of the control 
volumes while all scalar quantities are evaluated at the center of the control volumes. The method used for  velocity-
pressure coupling is SIMPLE (Semi-Implicit Method for Pressure-Linked Equations). In all the simulations, an 
upstream second ordering scheme was applied for the treatment of convection terms in the equations of motion and 
energy. The line by line procedure, which is the combination of the tri-diagonal matrix algorithm (TDMA) and the 
Gauss-Seidel iterative technique, was applied to solve the resulting sets of algebraic equations for each variable after 
discretization. During  the iterative process, residues for each algebraic equation are monitored and the solution is 
considered to be convergent when the normalized residual of each algebraic equation is less than a prescribed value  
of 10-4 for the momentum and continuity equations, and less than 10-8 for the energy equation. Under-relaxation was 
used to avoid divergence of the iterative solution. In order to ensure good numerical results, several meshes have 
been tested so as to get  a solution independent of the mesh. The mesh found after these tests is constituted by  2976 
(section) x20 (axial) cells in the fluid zone and 44644  (section) x20 (axial) cells in the solid zone.  
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 4.  Results and discussion 
   The results presented in this paper concern the nanofluid water / γ-Al2O3 in a micro-channel heat sink with the 
following parameters: Re =  200-1200, L =10000μm,  D = 189 μm, w = 59.85 μm, H = 945 μm, W = 210 μm,  ws = 
22.575μm, Dh= 90.91μm , Tin  = 293 ° K and a  uniform heat flux ̶୵ ൌ 300000 to 1200000 W / m2, (cp)s= 714 
J /kg.K° , ks=140 W/m.K°,  ρs=2330 kg/m3.With volume fraction of nanoparticles as 0%( water only), 1% and 4%. 
The thermo-physical properties of this nanofluid were first assumed constant, then they were assumed  dependent on 
temperature. We also assumed the  nanoparticles spherical, and having a diameter dp = 38nm, a density  
ρp=3880Kg/m3, a specific heat Cp= 4182J/Kg.°K  and a thermal conductivity kp=36W/m.°K. The properties of 
particles free water (φ = 0 %) are ܥ݌௕௙ ൌ ͶͳͺʹܬȀ݇݃Ǥ ܭ,  ߩ௕௙ ൌ ͻͻͺǤʹ݇݃Ȁ݉ଷ , μbf = 9.97.10-4 pa.s ,   kbf = 0.597          
w/m.K. The plotted graphs show the local temperature variation along the flow, the local Nusselt number, the 
average Nusselt number and the average shear stress as a function of Re andݍ̶. 
4.1. Influence of variability of thermo-physical properties and  volume concentration of nanoparticles on 
temperature field 
   Fig.2 shows the effect of increasing the concentration of nanoparticles in the nanofluid mixture and the effect of 
dependence of the thermo-physical properties,  on the local temperature variation along the base of the micro-
channel heat sink, i.e. in the direction of flow, for the Reynolds number Re = 200 and the heat load q’’ = 600 000 
W/m2. The temperature curve is almost linear along the flow. It is also clear that the use of variable thermo-physical 
properties, for a given value of φ = 0% ( pure water),  φ = 1%, 4%, causes a higher decrease in local wall 
temperatures and thus a better cooling of the base of the micro-channel heat sink  than in the case of constant 
thermo-physical properties. This observation  is in accord with that of Maïga et al [24]. 
4.2. Influence of variability of thermo-physical properties and volume concentration of nanoparticles on heat 
transfer 
   Fig.3 illustrates the distribution of local Nusselt number as function of the longitudinal direction of flow for the 
concentrations φ = 0% (pure water), φ =1% and φ = 4% and for the Reynolds number Re = 200 and the heat load  
q ˝= 600 000 W/m2. Nu is plotted for both cases of temperature dependent thermo-physical properties and constant 
thermo-physical properties. The Nusselt number is given by: 
ܰݑ ൌ
݄Ǥ ܦ௛
݇
 
  As can be noticed ܰݑ decreases along the base of the micro-channel heat sink in the longitudinal direction 
implying a disintensification of convection (because the difference between wall and bulk temperature diminishes as 
the fluid progresses from channel inlet to channel outlet). The increase of fluid temperature in the flow direction 
leads to the increase of the effective thermal conductivity and therefore to increased heat diffusion within the 
nanofluid, which weakens the temperature gradients in the vicinity of the channel wall. It may also be noted that the 
local Nusselt number increases by increasing the concentration of the nanoparticles and by the use of temperature 
dependent  thermo-physical properties instead of  constant thermo-physical properties. 
4.3. Influence of the Reynolds number and volume concentration of nanoparticles on heat transfer with temperature 
dependent thermo-physical properties  
   Numerical computations have also given the influence on heat transfer of the Reynolds number, which took six 
values: 200, 250,600,800,1000 and 1200 and the influence of the volume concentration of the nanoparticles  which 
took three values: φ = 0% (pure water), φ = 1% and φ =4%. The value of the heat flux was taken as  q ˝= 600 000 
W/m2. The average Nusselt numbers along the base of the micro-channel heat sink are shown in Fig.4. 
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The average Nusselt number is given by:    ܰݑሺܽݒሻ ൌ ௛ሺ௔௩௘ሻǤ஽೓
௞
 
where the average coefficient of heat transfer is given by : ݄ሺܽݒሻ ൌ ଵ
௅
׬ ݄
௅
଴ ݀ݖ 
   It can be observed that increasing the Reynolds number leads to an increase in the average Nusselt number. 
ܰݑሺܽݒሻalso increases when taking into account the thermo-physical properties dependence on temperature and 
when increasing the volume concentration of the nanoparticles. All three factors contribute to increased heat transfer 
by convection. The effect of thermo-physical properties dependency on temperature is especially important at low 
volume concentration of the nanoparticles.   
 
        
 
 
4.4. Influence of heat flux and volume concentration of nanoparticles on heat transfer with temperature dependent 
thermo-physical properties  
   Fig.5 shows the influence on heat transfer of the imposed heat flux, which took four values:  q ˝= 300000, 600000, 
900000 and 1200000 W/m2. It also shows the influence of volume concentration of nanoparticles, which took three 
values φ = 0% ( pure water),  φ = 1%, and φ = 4%. In all these computations the Reynolds number was taken as Re 
= 200. From the curves showing the average Nusselt number along the base of the micro-channels one can notice 
that ܰݑሺܽݒሻremains almost constant as the flux is increased. It undergoes a small degradation especially for the 
cases of φ =1% and φ =4%. This can be explained by the fact that a high increase in heat flux results in a drastic 
increase in the effective thermal conductivity, i.e. to higher heat diffusion within the fluid and therefore to low 
temperature gradients in the vicinity of the microchannel base. ܰݑ decreases because it is calculated from these 
gradients. It can also  be clearly observed in Fig.5 that there is a significant increase of average Nusselt number 
when the dependence of thermo-physical properties on temperature is taken into account. The influence of the 
volume concentration of nanoparticles is more important  at low values of φ . 
4.5. Influence of the Reynolds number and volume concentration of nanoparticles on average shear stress with 
temperature dependent thermo-physical properties  
  The results related to the hydrodynamic flow, are shown in Fig.6 for a heat flux of q"= 600 000 W/m2. One can 
notice an increase in the average shear stress τw (av) as one increases the Reynolds number values in the range Re = 
Fig.2. Influence of φ and variable thermo-physical properties 
on the longitudinal development of local wall temperature  
Fig.3. Influence of φ and variable thermo-physical properties 
on the longitudinal development of the local Nusselt number 
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200-1200. The increase is even more important when we raise the value of the volume concentration of 
nanoparticles. However, when we use temperature dependent thermo-physical properties at volume concentration of 
the nanoparticles equal to  φ =1% and φ =4%, we notice a clear decrease in the average shear stress. This decrease is 
due to the reduction of the effective dynamic viscosity due to the temperature rise caused by enhanced convection. 
 
 
  
 
 
4.6. Influence of heat flux and concentration of nanoparticles on average shear stress with temperature dependent 
thermo-physical properties. 
   In this case, computations were performed for the heat fluxes q ˝= 300 000, 600000, 900000 and 1200000 W/m2 
at a Reynolds number Re = 200. The increase in the average shear stress τw (av)  with the volume concentration of 
nanoparticles  φ, as it takes the values 0% ( pure water),  1% and 4%  can be easily noticed in Fig.7. This increase  
has also been previously observed by the authors of papers [12,14].  For a fixed value of the concentration of 
nanoparticles, one can notice a considerable decrease of shear stress values when using temperature dependent 
thermo-physical properties  in comparison with the shear stress values obtained at constant thermo-physical 
properties. This decrease is due to the reduction of the effective dynamic viscosity as a function of  temperature.  
 
Conclusion  
In this paper, we have investigated, by numerical simulation, the hydrodynamic and thermal 
characteristics of the combined laminar forced convection flow of nanofluids and conjugate 
convection/conduction heat transfer in a three-dimensional rectangular micro-channel heat sink with the 
assumption of a single-phase approach and in the case of constant and temperature-dependent properties. 
The results clearly show that the inclusion of nanoparticles produces a considerable increase of the heat 
transfer coefficient. Also the temperature dependent models present higher values of  local and average 
Nusselt number because the difference between wall temperature and the temperature of the fluid in the 
vicinity of this wall is maximized, thereby maximizing the heat transfer coefficient, which is proportional 
to this difference. We also noticed, when using temperature dependent properties, a decrease in bottom 
surface local temperature and a decrease of the average shear stress which was attributed to the decrease 
of dynamic viscosity with temperature as compared to the case of constant properties calculations. The 
Fig.4. Effect of Reynolds number and φ on the 
average Nusselt number with and without  variable 
thermo-physical properties  
Fig.5. Effect of heat flux  and φ on the average 
Nusselt number with and without  variable thermo-
physical properties  
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other positive effects on shear stress and on the heat transfer process which are due to the Reynolds 
number and heat flux were also discussed within the framework of this paper. 
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